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ABSTRACT: In this work we present a growth procedure to form lateral In(Ga)As quantum dot pairs by using a low density,
2 x 10% cm™2, GaAs nanohole template previously formed in situ by droplet homoepitaxy. In particular, by changing the arsenic
pressure at which InAs is grown on the template, we demonstrate the possibility to select the formation of single quantum dots (QD)
or QD pairs inside each of the nanoholes. In the case of QD pairs, the ensemble photoluminescence (PL) as a function of excitation
power and temperature reveals spectral signatures typical of laterally coupled nanostructures.

Introduction

The use of semiconductor quantum dots (QD) as active
elements in different optoelectronic devices for quantum
information technology'~* is currently receiving much attention.
Triggered sources of single photons® or entangled photon pairs’
have been achieved using these nanostructures as active
elements. In addition, by embedding them within a photonic
crystal microcavity, quantum phenomena based on strong light-
matter coupling are also being studied.” In this sense, the ability
to obtain a precise control in size, spatial location, and number
of nanostructures has become a highly desirable issue.* ¢ In
particular, the formation of different distributions of QD in close
proximity’ permits a precise study of coupling and coherence
that is strictly necessary for the creation of future functional
units in the field of quantum computing and communication.®
In this way, the growth of vertically stacked self-assembled QD
has been deeply studied during the last years allowing the direct
observation of controlled coupling in a quantum dot molecule
(QDM).° For applications, however, the development of a lateral
configuration of coupled nanostructures is highly desirable as
it would extend the coupling to two dimensions and it would
facilitate the gating technology. Experimentally, the lateral
coupling of two adjacent QD has been recently demonstrated.'®
In this case, the fabrication method was based on the growth
selectivity of QD into previously in situ etched nanoholes.'" In
a simple similar way, droplet epitaxy technique'*'? has emerged
as a straightforward in situ fabrication method to obtain, in a
self-assembled way, templates of low density nanoholes on
GaAs substrates. In particular, by means of InAs selective
growth at these nanoholes, different distributions of nanostruc-
tures'*'® have been fabricated presenting good optical proper-
ties at the single nanostructure level.'” Moreover, by using the
appropriate growth conditions during the capping process of
these nanostructures, the formation of mounds spatially located
over the buried QD has also been demonstrated.? This effect
permits the localization of the nanostructures at the top surface,”®
making easier any further technological processes for application
of these nanostructures into devices.

In this work, we have explored the ability to design the
formation of low density In(Ga)As QD pairs (2 x 10% cm™2)
by the use of a template of nanoholes in situ formed by droplet
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homoepitaxy on a GaAs(001) buffer layer. We have observed
nucleation of single QD or QD pairs inside each of the nanoholes
depending on the arsenic pressure used during InAs deposition.
The photoluminescence (PL) emission of the QD pairs, in
particular the evolution of the peak energy and full width at
half-maximum (fwhm) as a function of excitation intensity and
temperature respectively, show signatures of laterally coupled
quantum systems>' as has been previously reported.”**

Experimental Procedure

The samples were grown by molecular beam epitaxy (MBE) and
topographically characterized by atomic force microscopy (AFM),
Nanotec equipment, using a Nanosensors Si tip with a force constant
of 40 N/m and a nominal radius of curvature <10 nm. The emission
properties of the obtained nanostructures were measured at 7 = 30 K
with a standard photoluminescence (PL) setup using a frequency-
doubled Nd:YAG laser as excitation source (lexc = 532 nm, spot
diameter ~ 200 um).

The experimental procedure starts growing a 0.5 um thick undoped
GaAs buffer layer at a growth rate rg = 0.5 monolayers per second
(ML/s), As, beam equivalent pressure (BEP) of 2 x 107 Torr, and
substrate temperature 7y = 580 °C on GaAs (001) substrates. The root-
mean-square (rms) roughness of this surface is typically 0.24 nm. 75 is
then decreased to 500 °C, and the nanohole template formation process
is performed. It consists of a two-step process where metallic Ga
droplets are first formed on the surface to be finally exposed to an As
atmosphere. In particular, the growth protocol followed for the
formation of Ga droplets consists of the opening of the Ga shutter during
20 s, with the cell providing a flux equivalent to the growth of GaAs
at 0.5 ML/s. Simultaneously, the As cell is pulsed in cycles of 0.2 s
open/0.8 s closed at a BEPAs, = 5 x 1077 Torr. The result of this
process is the formation of Ga droplets spread all over the surface with
a density of 2 x 10® cm™. Finally, these Ga droplets are annealed
under As atmosphere during 6 min at BEP,y = 5 x 1077 Torr. About
30 s before the completion of the 6 min annealing period, the arsenic
cell cracker is operated. This process ensures the production of an As,
beam at the onset of InAs deposition. During this time, the substrate
temperature is also increased to 510 °C. Before any InAs deposition,
we observe that the surface presents randomly located nanoholes with
an elongated structure along [110] direction and a density of 2 x 1078
cm™2, Their dimensions are 4 = 4.4 + 0.7 nm for the nanoholes depth
and D; = 43 + 3 nm and D, = 95 £ 5 nm for the nanoholes mean
diameter along [1—10] and [110] directions, respectively. On this kind
of patterned surface, 1.5 ML of InAs are deposited using two different
As, pressures while keeping the rest of growth parameters constant.
BEP As, used was 3.5 x 1077 Torr and 1 x 107° Torr. InAs was
deposited following a growth sequence consisting of 0.1 monolayers
(ML) at a growth rate of 0.05 ML/s followed by a pause of 2s under
the used As, flux. The substrate temperature is maintained during the
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Figure 1. (a) AFM image (4 um x 4 um) showing single quantum
dots (QD) into GaAs nanoholes after growing 1.5 ML of InAs at
BEPAs, = 3.5 x 1077 Torr. The inset shows a detailed 3D image of
a single QD. (b) AFM image (4 um x 4 um) showing QD pairs formed
into GaAs nanoholes after growing 1.5 ML of InAs at BEPAs, = 1 x
107° Torr. The inset shows a detailed 3D image of a QD pair.

InAs deposition process at 510 °C. A (2 x 4) surface reconstruction
was always observed during InAs deposition at the used As, pressures.

Once the InAs is deposited, a 100 nm thick capping layer is grown.
It consists of an initial 20 nm GaAs layer grown at 7, = 510 °C under
As, at BEPAs, = 1 x 107° Torr and a final 80 nm GaAs layer at
conventional MBE GaAs growth conditions, 7y = 580 °C and BEPAs,=
2 x 107° Torr.'® Finally, on the top surface, the process for obtaining
uncapped nanostructures on the nanoholes template is repeated for AFM
topographic measurements.

Results and Discussion

Figure 1 shows AFM images corresponding to the deposition
of 1.5 ML of InAs into the formed GaAs template at the two
different As, pressures used in this work. Figure 1a shows the
nucleation result when the lower As, pressure (BEPAs, = 3.5
x 1077 Torr) is used during InAs deposition. It can be observed
that a single QD is nucleated inside each of the nanoholes. The
single QD occupancy is around 95%. In the inset of this figure
a 0.5 um x 0.5 yum 3D AFM image shows in detail one of
these single QD. A different InAs nucleation behavior is
observed in Figure 1b; in this case, by using the higher As,
pressure (BEPAs, = 1 x 107 Torr) during InAs deposition,
QD pairs aligned along [110] direction are formed inside each
of the GaAs nanoholes. The double QD occupancy for this case
is around 98% indicating a highly selective nucleation process
at the nanoholes. The inset of this figure shows one of the QD
pairs in a 0.5 um x 0.5 um 3D AFM image.

Figures 2(a—c) shows detailed 0.25 um x 0.25 um 3D AFM
images for the initial nanohole, single QD, and QD pair
structures, respectively. At their right, corresponding profiles
along the [110] direction are also shown. The nanoholes, as
already commented, are elongated structures along [110] direc-
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Figure 2. 3D AFM images (0.25 um x 0.25 um) corresponding to:
(a) the initial GaAs nanohole, (b) single quantum dot occupancy at the
nanohole, and (c) QD pair formation. Respective profiles of the
nanoholes, single QD, and QD pairs are shown on the right.

tion with dimensions around 95nm in diameter along the [110]
direction and 4.4 4+ 0.7 nm in depth (Figure 2a). It has to be
noticed that experiments reproducing the same growth conditions
for the InAs nanostructures formation but without opening the
In cell were performed and no significant differences in the
dimensions of the nanoholes were observed.

Although AFM tip convolution effects at these small holes
impede any possible facet identification inside them, it is
expected, according to their orientation, that the lateral walls
would be mainly B-type facets with steps along [110] direction.

In the case of single QD at the nanoholes (Figure 2b), these
nanostructures show mean diameter of 58 + 3 nm and height
of 7.4 4 0.8 nm, both quantities referred to the flat surface plane.
In the case of QD pairs formation, systematic differences for
QD heights are observed into the pairs, this effect permits to
calculate two different height distributions, as represented by a
two peaks Gaussian fit in Figure 3, with average values of 5.3
nm £ 17% and 6.6 nm £ 24%. It can be also observed in the
QD pairs that the separation edge to edge between adjacent QD
is practically zero within AFM resolution. A statistical mean
value of 37 + 4 nm is obtained for their diameter and peak to
peak separation. According to previous reports on QD mol-
ecules'" this QD peak interdistance is short enough to potentially
observe quantum coupling phenomena. We want to notice that,
as clearly observed in Figure 2b, single QD at the nanoholes
are larger in size than those forming the pairs. However, we
have observed that this size effect does not lead to a different
PL peak energy (Figure 4). A similar QD PL energy emission
in spite of size differences could be ascribed to a different
In(Ga)As composition in the single QD and QD pairs. This
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Figure 3. Distribution of QD heights in the QD pair sample.
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Figure 4. (a) Normalized single QD sample photoluminescence (PL)
as a function of the excitation power. (b) Same for the QD pairs sample.
(c) PL fwhm evolution as a function of temperature for QD pairs (red
circles) and single QD (blue squares).

effect would be explained by a different Ga and In filling ratio
at the nanoholes for the two different As, pressures used in this
work. Thus, it seems that the role of arsenic pressure on the
nucleation of either one or two QD inside otherwise identical
nanoholes would be a change of Ga/In intermixing. According
to previous works,”** the change of reactivity of the different
facets with arsenic pressure causes changes in the incorporation
rates of the element III atoms. This effect would lead to the
formation of QD with different composition and equilibrium
size. The final result is then that for the same nanoholes profile,
one QD (larger size, higher Ga content) or two QD (smaller
size, lower Ga content) are nucleated at the nanoholes.
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The normalized ground-state PL. from the QD and the QD
pairs as a function of the excitation power is shown in Figure
4a and b, respectively. The low excitation power used in these
experiments (Py = 0.03 mW) avoids any emission from excited
states as seen by the linear dependence of their integrated PL
intensity (not shown).?” The single QD sample luminescence,
shown in Figure 4a, is characterized by a symmetric peak at
1.175 eV with a fwhm of 42 meV. Meanwhile, for paired
nanostructures, shown in Figure 4b, the emission is centered at
1.18 eV with a broader fwhm of 63 meV. The similar PL energy
observed for both kind of nanostructures independently of their
distinct average size can be explained by their different In(Ga)As
composition as commented above. In the single QD sample, a
larger Ga content is necessary to push their energy levels upward
and compensate their bigger average height. Increasing the
excitation power, the luminescence of the QD pairs becomes
asymmetric toward higher energies. In the same excitation range,
no excited-state emission could be detected in the single QD
sample which otherwise had a smaller number of QD per unit
area. This fact has been related recently with the internal
redistribution of carriers between the small and the large QD
of each QD pair implying a certain degree of lateral coupling.?**?
The participation of other resonant processes different from
quantum tunneling in the ground state, as recently investigated
by micro-PL studies of QD molecules, can not be concluded
from our data."!

We observe also marked differences among the single QD
and the QD pair samples investigating the temperature depen-
dence of the PL fwhm shown in Figure 3c. Increasing the
temperature, the single QD sample emission bandwidth remains
almost constant in the studied range. Meanwhile, for the QD
pairs, above 90K, the fwhm diminishes rapidly from its low
temperature value (90 meV) up to ~50 meV at 200 K. It is
well-known that thermally activated carrier redistribution from
the QD toward the wetting layer can produce a reduction of
the fwhm as the temperature is increased.”” Given the shallower
confinement of nanostructures emitting at 1.25 eV compared
with typical QD, these phenomena can not be completely
neglected in our case even at moderate temperatures. According
to previous studies in similar systems, the differences found
between both samples could also be related to carrier tunneling
involving charge redistribution between the QD in the pairs.**?*

These PL results related to emission line shape dependence
with excitation power and fwhm evolution with T can then be
considered as preliminar signatures of lateral coupling in the
QD pairs. However, to this respect, further optical studies at
the individual QD pair level are mandatory to firmly establish
the existence of QD molecules in this system.

Conclusions

In summary, we have studied the formation of low density
In(Ga)As QD pairs laterally aligned along the [110] crystal
direction. We have observed that the As pressure used during
InAs deposition is a key parameter in order to control the
formation of either single QD or QD pairs into previously in
situ formed nanoholes. In particular, under the appropriate
conditions we can obtain a 98% of double occupancy at the
nanoholes. Our study of the ensemble emission of these QD
pairs reveals spectral signatures usually associated to laterally
coupled nanostructures which need to be confirmed by further
investigation of their individual emission properties.
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